Objective: To examine the associations of insulin resistance at childhood with adiposity changes over a 6-year period (from 9 to 15 years) in a sample of 659 Swedish and Estonian children (52.7% girls) participating in the European Youth Heart Study. Research, Design and Methods: We measured weight, height, waist circumference, biceps, triceps, subscapular, suprailiac, and medial calf skinfolds, and we calculated body mass index (BMI), sum of five skinfolds, and body fat percentage. Fasting plasma glucose and insulin were measured and homeostasis model assessment of insulin resistance (HOMA-IR) was calculated. Changes in puberty stage, sex, centre and the corresponding baseline adiposity values were used as confounders in all analysis. Results: HOMA-IR at childhood was significantly and positively associated with changes in BMI (b ¼ 0.265; P ¼ 0.024), sum of five skinfolds (b ¼ 0.3445; P ¼ 0.003), body fat percentage (b ¼ 1.042; P ¼ 0.016) and waist circumference (b ¼ 0.806; P ¼ 0.002) from childhood to adolescence. These relationships persisted when overweight children were excluded from the analysis. BMI, sum of five skinfolds, body fat percentage and waist circumference at childhood were not significantly associated with changes in HOMA-IR (P for all 40.1). Conclusions: These results give further support to the concept that lower insulin sensitivity at childhood may predict subsequent total and central adiposity gain at adolescence. These findings enhance the role of insulin sensitivity as a target of obesity prevention already from the first decades of life.
Introduction
There are several candidate factors that may potentially affect the development of obesity across ages and insulin resistance has been suggested as being one of these factors. 1 Insulin resistance has traditionally been considered a consequence of excess adiposity; yet, there is recent evidence that at an early age insulin resistance may increase adiposity in adolescents and young adults. 1, 2 Few studies have, however, examined the relationship between insulin resistance and adiposity gain in children, and either focused on obese or overweight children 3, 4 or had a relatively small sample size (that is, ranging from 96 to 137). 1, 5, 6 In the present study, we investigated the prospective associations of insulin resistance at childhood (9 years) with subsequent fat mass and adiposity gain at adolescence (15 years) in a sample of 659 Swedish and Estonian children. Our hypothesis was that insulin resistance at childhood would be positively associated with changes in total and central adiposity over a 6-year period. We also studied whether changes in fat mass were related to insulin resistance from childhood to adolescence.
Materials and methods
The study sample was originally formed by children participating in the Swedish and Estonian parts of the European Youth Heart Study in 1998-1999. The same standardized protocol was used in both countries, which allowed performing combined analyses with the data from both countries. 7, 8 The European Youth Heart Study was designed to examine the interactions between personal, environmental and lifestyle influences on the risk factors for future cardiovascular diseases. 9 In Estonia, sampling area was the city of Tartu and its surrounding rural area. In Sweden, eight municipalities were chosen for data collection (Botkyrka, Haninge, Huddinge, Nynäshamn, Salem, Södertälje, Tyreso and Ö rebro). Study design, selection criteria and sample calculations were reported elsewhere. 9 In 2004/2005 (follow-up), participants were invited to complete the same examination than in 1998/1999; measurements at baseline and follow-up were made by essentially the same trained investigators and using the same protocols. At baseline, 583 Estonian and 561 Swedish children participated in the study. Six years later, 483 Estonian children (dropout rate ¼ 17%) and 177 Swedish (dropout rate ¼ 68%) participants agreed to take part in the longitudinal studies. High dropout rates were observed in the Swedish cohorts, however, the key indicators studied, including anthropometric indices, were similar in dropouts and non-dropouts. 10 A total of 659 children (9 years old, followed up when 15) with complete data for homeostasis model assessment of insulin resistance (HOMA-IR) and body mass index (BMI) (70.5% Estonian) were included in the present study. Children who participated in the longitudinal study did not differ (P40.1) from the whole sample in key study characteristics, that is, BMI 16 , multiply by 6.945). A detailed description of the blood analysis was reported elsewhere. 16 
Statistical analysis
Statistical analysis was performed using 'Statistical Package for the Social Sciences (SPSS)' software 17.0 (SPSS, Chicago, IL, USA), and the level of significance was set at 0.05. Data are presented as means and s.d., unless stated otherwise.
Regression analysis was used to examine the association of HOMA-IR at childhood (main exposure) with adiposity changes over a 6-year period (dependent variables: changes in BMI, sum of five skinfolds, body fat percentage and waist circumference). All models with adiposity changes were controlled for the confounding effect of the corresponding baseline adiposity estimate at childhood, change in puberty stage, and centre (covariates). The analyses were performed for the whole study sample (adjusting for sex), as well as by sex. Changes in sum of five skinfolds and waist circumference were additionally controlled for changes in height.
As parental BMI is associated with the offspring's body fat, 7 we conducted additional analyses, further controlling for maternal and paternal BMI at childhood. Whether total and central adiposity estimates at childhood are associated with changes in HOMA-IR was tested using the same statistical procedures.
Results
Descriptive characteristics of the participants are shown in Table 1 . There was a significant increase in total adiposity over time in both girls and boys (all Po0.001). Central adiposity increased in both boys and girls (all Po0.001), whereas percentages of overweight were similar over time in girls and boys ( HOMA-IR at childhood was significantly and positively associated with BMI changes from childhood to adolescence in the whole sample (Po0.05), but when we examined this association by sex, we observed that the relationship remained significant in girls (Table 2 ). In contrast, HOMA-IR at childhood was significantly associated with changes in the sum of five skinfolds and body fat percentage in the whole sample (Po0.01 and Po0.02, respectively), and in boys and girls (all Po0.05, Table 2 ). Moreover, HOMA-IR at childhood was significantly and positively associated with changes in waist circumference (Po0.01), regardless of sex, change in puberty stage, centre, and the corresponding adiposity estimate at childhood in the whole sample ( Table 2) . The relationship between baseline HOMA-IR and changes in waist circumference was only significant in girls when adjusting for main confounders and changes in height (Po0.01), but remained statistically significant when changes in BMI (both Po0.01, Table 2 ) or changes in body fat percentage (P for girls ¼ 0.009 and P for boys ¼ 0.033) were entered into the model instead of changes in height. Further, controlling for mother and father BMI did not substantially change the outcome (all Po0.05, data not shown).
The relationships between HOMA-IR at childhood and changes in BMI (b ¼ 0.314; P ¼ 0.008), sum of five skinfolds (b ¼ 4.153; P ¼ 0.001), changes in body fat percentage (b ¼ 1.266; P ¼ 0.006), and changes in waist circumference (b ¼ 0.051; P ¼ 0.035) from childhood to adolescence persisted when overweight children were excluded from the analysis.
BMI at childhood tended to be negatively associated (b ¼ À0.059) with changes in HOMA-IR (sex, change in puberty stage and HOMA-IR at childhood, adjusted P ¼ 0.065). However, when overweight children were HOMA-IR at childhood predicts adiposity gain I Labayen et al excluded from the analysis, the results became nonsignificant (b ¼ 0.157; P ¼ 0.157). Total adiposity at childhood, measured as either the sum of five skinfolds (adjusted P ¼ 0.620) or body fat percentage (adjusted P ¼ 0.626), was not associated with changes in HOMA-IR; the outcome did not substantially change when overweight children were excluded from the analysis (adjusted P ¼ 0.987 and adjusted P ¼ 0.804, respectively). Waist circumference at childhood was not associated with changes in HOMA-IR in the whole sample (b ¼ 0.001; adjusted P ¼ 0.950), or after the exclusion of overweight children from the analysis (adjusted P ¼ 0.161).
Discussion
The main finding of this study is that insulin resistance at childhood is associated with total and central adiposity gain from childhood to adolescence, regardless of baseline adiposity, and even in non-overweight participants. Studies investigating the relationship between insulin resistance and adiposity gain in children are scarce. Johnson et al. 6 observed that growth-related increases in body fat over a 6-year period were significantly associated with fasting insulin concentrations in a cohort of 83 Caucasian and 54 African children. Odeleye et al., 4 in a sample of obese Pima Indian, showed that the rate of weight gain per year was directly associated with fasting insulin levels at baseline. Finally, a recent study conducted in a well-characterized sample of 96 overweight children 1 showed that insulin sensitivity at an early age was an important independent predictor for further weight gain and fat mass development. Our results confirm these findings in a larger sample of children from two countries and contribute to the previous literature, suggesting that this association also exists in nonoverweight individuals. Although the relationship between insulin resistance and fat gain has been shown in children, 3 controversial results have also been reported. Several longitudinal studies showed that individuals who were more insulin sensitive had greater rates of weight gain than those individuals who were more insulin resistant. [17] [18] [19] [20] Swinburn et al. 17 reported that insulin resistance, as estimated by the hyperinsulinemic-euglycemic clamp, was associated with a reduced risk of weight gain in non-diabetic Pima Indians. Valdez et al. 18 showed that the higher baseline insulin levels, the greater likelihood of loosing weight in obese individuals. Hoag et al. 19 and Folsom et al.
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showed that higher fasting insulin levels could be associated with lower rates of weight gain. In most of these studies, the subjects were adults and the relationships between insulin sensitivity and weight gain was most significant in those subjects with higher BMI. Likewise, Travers et al., 5 in a study performed with 73 healthy children and in 95 obese girls, showed that insulin resistance at baseline was associated with decreased fat gain over a 3-year period. Maffeis et al. 3 found that insulin resistance at childhood was related to reduced risk of obesity at adulthood.
Traditionally, the decrease of insulin sensitivity has been thought to be one of the consequences of increased adiposity. Although in previous cross-sectional studies we observed that total and central adiposity was associated with HOMA in children 21 and in adolescents, 8 the present longitudinal study did not support such associations. This finding concurs with the study by Johnson et al. 6 in healthy children. The strong relationship observed between adiposity and insulin resistance makes difficult to establish the direction of the association, especially when obesity status has been developed. In our study, the relationship between BMI at childhood and subsequent changes in HOMA-IR over a 6-year period disappeared when overweight children were excluded from the analysis. To note is that our sample consisted of healthy children with a low overweight prevalence (10.2% in children and 11.5% in adolescents) and with a very low obesity prevalence (1.1% in children and 2.0% in adolescents).
We did not find sex-related differences regarding the associations between baseline HOMA-IR and changes in total and central adiposity; yet, once the analysis of HOMA-IR and waist circumference was adjusted for changes in height, the association persisted only in girls.
We observed that HOMA-IR at childhood predicted HOMA-IR later in the adolescence independently of confounders, including total or central adiposity. These findings concur with the well-documented tracking of cardiovascular disease risk factors over different periods of life. [22] [23] [24] We can only speculate on the possible mechanisms explaining the associations observed. One of these mechanisms might involve the effects of insulin resistance on the brain. Insulin receptors have been located in areas that are important for the motivational regulation of food intake. 25 Moreover, it seems that insulin resistance in the brain co-occur with insulin resistance in the periphery. 26 Thus, considering the role of insulin in energy balance control, it has been suggested that the natural defense against excessive weight gain through adiposity signalling can be undermined by acquired resistance to adiposity-regulating hormones. 1 This study includes several strengths, including its relatively large sample size and the availability of body composition data instead of simply weight or BMI to estimate adiposity gain, yet, we acknowledge several limitations. We used fasting glucose and insulin values to estimate insulin resistance rather than the more accurate euglycemic clamp. However, HOMA-IR is a reasonable alternative method to be used in large epidemiologic studies. 27 Previous reports showed that insulin sensitivity interacts with caloric or fat intake to predict changes in adiposity content; 2, 28 however, data on dietary factors were not available in this study.
In conclusion, our results give further support to the concept that insulin resistance at childhood may predict subsequent total and central adiposity gain at adolescence. These findings enhance the role of insulin sensitivity as a target of obesity prevention.
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